Introduction
Chloroform (CF) and 1,1,1-trichloroethane (1,1,1-TCA) are persistent groundwater contaminants owing to their historical and widespread industrial use as organic solvents, and improper disposal in the past. In the USA, CF is present at 416 of 1723 National Priorities List (NPL) site, whereas 1,1,1-TCA is present at 393 sites (NPL database search, June 2012, http://cfpub.epa.gov/ supercpad/cursites/srchsites.cfm). In addition to having adverse impacts on human health and the environment [1] [2] [3] , CF and 1,1,1-TCA inhibit many microbial processes, including methanogenesis [4] [5] [6] [7] [8] [9] and reductive dechlorination [10] [11] [12] . Because many sites are contaminated by multiple chlorinated organics including CF and 1,1,1-TCA, the removal of these two inhibitory compounds is of special importance to bioremediation efforts [13] .
We previously reported the discovery of a Dehalobacter-containing mixed culture (herein referred to as ACT-3) capable of dechlorinating CF, 1,1,1-TCA and 1,1-dichloroethane (1,1-DCA) [13, 14] . A Dehalobacter strain (16S rRNA gene, DQ663785) from the ACT-3 culture is the first organism shown to respire CF [14] . The important role of Dehalobacter in organohalide-respiration is clear: they can respire chloroethenes [15] , chloroethanes [13, 16, 17] , chloromethane [14, 18] , chlorobenzenes [19] and other halogenated compounds [20, 21] . Although Dehalobacter were previously recognized as strictly organohalide-respiring anaerobes, a strain was recently shown to also ferment dichloromethane (DCM) [18, 22] .
Organohalide-respiring bacteria such as Dehalococcoides and Dehalobacter catalyse reductive dechlorination using reductive dehalogenaseas (RDases) [23] . Genome sequencing has revealed that these organisms tend to harbour multiple distinct putative reductive dehalogenase genes within their genomes: some have & 2013 The Author(s) Published by the Royal Society. All rights reserved. more than 30 [24, 25] . In total, hundreds of putative reductive dehalogenase genes have been identified; however, only a handful have been functionally characterized because of difficulties inherent to working with slow-growing strict anaerobes, the lack of genetic systems to manipulate these organisms and the inability to express functional reductive dehalogenases heterologously [3] . In this study, the identification of two RDases that catalyse dechlorination reactions in the ACT-3 culture was reported. The genes of these two RDases were among the 19 Dehalobacter RDase genes determined by metagenomic sequencing of the ACT-3 culture. The RDase-identification process, similar to previous reports [26, 27] , featured the combination of blue native polyacrylamide gel electrophoresis (BN-PAGE), dechlorination activity assays of gel slices and liquid chromatography tandem mass spectrometry (LC-MS/ MS) for protein identification.
Material and methods (a) Cultures and culture history
The ACT-3 enrichment culture was originally derived from microcosms prepared with contaminated aquifer material. It has been maintained for more than 10 years in a mineral medium [14] amended with 1,1,1-TCA as an electron acceptor and a mixture of methanol, ethanol, acetate and lactate (MEAL) as electron donors. This culture sequentially dechlorinates 1,1,1-TCA via 1,1-DCA to monochloroethane (CA). It also dechlorinates CF to DCM. Dehalobacter was shown to be responsible for these dechlorination reactions [13, 14] . Two subcultures of the ACT-3 culture were created over 6 years ago with different chlorinated substrates: the DCA subculture has been maintained with 1,1-DCA as an electron acceptor and MEAL as electron donor mixture; the CF subculture has been maintained with CF as an electron acceptor and a mixture of methanol, ethanol and lactate (MEL) as electron donors. Over time, these two subcultures have lost specific dechlorinating activities compared with the parent culture: the CF subculture dechlorinates 1,1,1-TCA and CF, but no longer dechlorinates 1,1-DCA, whereas the DCA subculture dechlorinates 1,1-DCA, but no longer 1,1,1-TCA or CF.
(b) Metagenome sequencing and assembly DNA from the ACT-3 parent culture was extracted using a CTAB protocol recommended by the US Department of Energy Joint Genome Institute (JGI, Walnut Creek, CA, USA). The protocol is available online: http://my.jgi.doe.gov/general/protocols/ DNA_Isolation_Bacterial_CTAB_ Protocol.doc. The sequencing was performed by JGI using 454 pyrosequencing. A total of 444 Mb of sequence was generated, including paired-end 454 reads from an 8 kb insert library. Initial assembly was performed with NEWBLER v. 2.5. The collection of resulting contigs is referred to as the ACT-3 metagenome. The initial assembly and annotation were performed by the JGI and can be accessed by the JGI taxon object ID of 2100351010 (http://img.jgi.doe.gov/cgi-bin/m/ main.cgi). DNA samples from the CF and DCA subcultures were extracted with UltraClean soil DNA isolation kit (MOBIO). To determine the community structure, DNA samples from these three mixed cultures were sequenced by 16S rRNA gene pyrotag sequencing. This sequencing and the phylogenetic assignment of sequenced reads were also performed by the JGI.
(c) Identification of putative rdhA and rdhB genes From the ACT-3 metagenome, contigs encoding putative rdhA genes were identified using a BLASTX search with a query database consisting of hundreds of known or putative RDases from public databases. Fragmentation in some rdhA genes (sequences that belong to one rdhA gene were not assembled into one contig) owing to strain variations of the dominant organism, Dehalobacter, was observed; the re-assembly and curation of these fragmented rdhA genes were achieved by performing sequence alignments using GENEIOUS PRO v. 5.4.2 [28] as illustrated in the electronic supplementary material, figure S2. Two re-assembled rdhA genes were found expressed in the cultures in subsequent LC -MS/MS analysis; therefore, the DNA sequences of these two genes were further confirmed and polished with read mapping using GENEIOUS PRO and additional Sanger sequencing directed by specific PCR primers (see the electronic supplementary material, figure S2 ). Putative rdhB genes were identified by analysing the gene neighbourhoods of rdhA genes. Two rdhB genes were also re-constructed from fragmented sequences (see the electronic supplementary material, figure S3 ).
(d) Sample preparation for blue native polyacrylamide gel electrophoresis
Inside an anaerobic chamber (Coy, MI, USA), culture samples (40 ml) were transferred to a 50 ml Falcon tube sealed with anaerobic tape. The tube was centrifuged at 10 000g for 20 min and returned to the anaerobic chamber. The cell pellet was resuspended in 1 ml remaining supernatant and transferred to a 2 ml O-ring capped microcentrifuge tube, and centrifuged again at 10 000g for 10 min. Inside the anaerobic chamber, with the supernatant discarded, the cell pellet was resuspended in 200 ml BN-PAGE sample buffer (1% digitonin, 50 mM Bis-Tris, 50 mM NaCl, 10% w/v glycerol, pH 7.2 with HCl). Glass beads (approx. 50 mg) were added to the tube, and cells were lysed during three rounds of vortexing in a horizontal vortex (Scientific Industries Inc., Bohemia, NY, USA) at the maximum amplitude; each round consisted of 2 min vortex followed by 1 min cooling in an ice bath. The sample was centrifuged at 10 000g for 10 min, and the supernatant (crude protein extract) was transferred to a new Eppendorf tube. Before being subjected to electrophoresis, 200 ml crude protein extract was supplemented with 10 ml of a 5 per cent Coomassie blue G solution.
(e) BN-PAGE and staining BN-PAGE and staining were performed outside the anaerobic chamber. Precast 4-16% gradient Bis-Tris gels (NativePAGE Novex, Invitrogen) and an electrophoresis device (XCell SureLock, Invitrogen) were used. The preparation of running buffers and the set-up of the device were performed according to the manufacturer's manual. Typically, a protein ladder (NativeMark, Invitrogen) was loaded into the first lane of the gel, and 20 ml of the crude protein extract was loaded into each of the nine remaining lanes. Electrophoresis was run at 150 V for 60 min and then at 200 V for another 45 min, with the entire chamber cooling in an ice bath. After electrophoresis, the first two lanes (the protein ladder and one of the culture samples) were cut for staining, and the remaining gel lanes were saved for dechlorinating enzyme assays or for further separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). For the staining of the first two lanes, we used the 'fast Coomassie G-250 staining' procedure from the manufacturer's manual of the precast gels (page 23).
(f ) SDS-PAGE
For SDS-PAGE analysis, BN-PAGE gel slices were cut from one unstained lane, chopped into less than 1 mm pieces and transferred to Eppendorf tubes containing 250 ml elution buffer (100 mM Tris-HCl, pH 7.0 and 0.1% SDS). Protein elution was performed by shaking the tubes at 1000 rpm for 4 h at room temperature. After elution, the 250 ml protein sample was rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120318
concentrated to a volume of approximately 20 ml by ultrafiltration with 3 kDa cut-off membranes (Pall Co., Canada), before being loaded on a SDS-PAGE gel. The SDS-PAGE gels were stained by silver staining following established protocols.
(g) Assaying dechlorinating activity in gel slices
For assaying dechlorinating activity, an unstained gel lane was aligned with the stained gel lane and was cut into gel slicesthis was carried out outside the glove box. The gel-slicing pattern, as shown in figure 1 , was designed to cover the regions that were known to have dechlorination activity. In preliminary assays, the other regions of a gel lane were tested and were found to have no dechlorination activity. The same pattern was kept when we prepared gel slices for subsequent separation with SDS-PAGE or LC -MS/MS analysis for protein identification. The same pattern was used for the protein extracts from all three mixed cultures. These gel slices were then transferred to 2 ml screw-top glass vials and were brought into the anaerobic chamber. For each glass vial, 1 ml assay buffer was added, which contained 100 mM Tris-HCl ( pH 7.4), 2 mM titanium citrate, 2 mM methyl viologen, and approximately 0.5 mM chlorinated substrate (1,1,1-TCA, 1,1-DCA or CF). These vials were incubated in the anaerobic chamber for 24 h, and then 0.3 ml headspace samples were taken for gas chromatography (GC) analysis to evaluate the extent of dechlorination of the substrate. As positive controls, 20 ml of the original crude cell extract (equal to the volume of sample loaded into one well of the BN-PAGE gel) was assayed. As negative controls, 20 ml heat-killed (incubating at 808C for 15 min) crude protein extracts were assayed in preliminary tests; no dechlorination activity of 1,1,1-TCA, CF and 1,1-DCA was observed in such negative controls.
(h) LC -MS/MS analysis of gel slices
To identify the proteins contained in the gel slices, the slices were sent for LC-MS/MS analysis at the Advanced Protein Technology Center at SickKids' Hospital (Toronto, Canada). The proteins in the excised gel slices were reduced with 100 mM dithiothreitol (in 50 mM ammonium bicarbonate), alkylated with 10 mM iodoacetamide (in 50 mM ammonium bicarbonate) and digested by overnight incubation with porcine trypsin (13 mg ml
21
). The resulting peptides were extracted with 25 mM ammonium bicarbonate buffer and 100 per cent acetonitrile. The peptides thus produced were loaded onto a 150 mm ID pre-column (Magic C18, Michrom Biosciences) at 4 ml min 21 and separated over a 75 mm ID analytical column packed into an emitter tip containing the same packing material. The peptides were eluted over 60 min at 300 nl min 21 using a 0-40% acetonitrile gradient in 0.1 per cent formic acid using an EASY n-LC nano-chromatography pump (Proxeon Biosystems, Odense, Denmark). The peptides were eluted into an LTQ linear ion trap mass spectrometer (Thermo-Fisher, San Jose, CA, USA) operated in a data-dependent mode. Six MS/MS scans were obtained per MS cycle.
The raw data files were searched with X!Tandem (Beavis Informatics Ltd., Canada) using a parent ion accuracy of 1.8 Da, a fragment accuracy of 0.4 Da, no semi-enzymatic cleavage, the maximum missed cleavage sites of 1 and the maximum expectation value for recorded peptides of 0.01. A fixed modification of carbamidomethyl cysteine and a variable modification of oxidized methionine were included in the search and the refinement, which also included variable modifications of the deamidation of asparagine and glutamine. The peptides were searched against two protein databases. The first consists of all proteins and protein fragments (from the ACT-3 metagenome) predicted and annotated through JGI's IMG/m annotation pipelines (accessed by IMG taxon object ID of 2100351010). The second database is a custom database, consisting of only curated rdhA and rdhB genes found in the ACT-3 metagenome (see the electronic supplementary material, table S3). In a separate study, we were able to close the genomes of two Dehalobacter strains present in the ACT-3 culture [29] . The complete sequences of the two genomes were used to pull out proteins that are certain to belong to Dehalobacter (with amino acid (AA) identity .95%) and help to assign taxonomy. The remaining non-Dehalobacter proteins were then searched against the NCBI RefSeq_protein database and assigned taxonomy based on the best hit.
(i) PCRs
Four primers were designed to specifically amplify each of the two similar rdhA genes identified in this study. They were cfrA-413f (CCCGAACCTCTAGCACTTGTAG), cfrA-531r (ACGGCAAAGC TTGCACGA), dcrA-424f (AGCACTCAGAGAGCGTTTTGC) and dcrA-533r (CAACGGCCCAGCTTGCAT). For PCRs, a Taq DNA polymerase (Fermentas, Canada) was used. The thermocycling programme was as follows: initial denaturation of 10 min at 948C; 40 cycles of 30 s denaturation at 948C, 30 s annealing at 608C and 30 s extension at 728C; and final extension of 10 min at 728C.
( j) Sequence analysis
The multiple sequence alignment and phylogenetic analysis of the two identified RdhA proteins and 18 additional characterized RdhA proteins were performed using MUSCLE [30] and PHYML [31] accessed through GENEIOUS PRO. Potential promoter sites were predicted using NNPP v. 2.2 [32] . Potential ribosome binding sites were predicted using SIGSCAN v. 4.05 [33] . The twin-arginine signal peptide was predicted by tatP [34] . Transmembrane helixes were predicted by TMHMM v. 2.0 (http:// www.cbs.dtu.dk/services/TMHMM-2.0/). The theoretical molecular weights of proteins were calculated by the Compute PI/Mw tool of ExPASy (http://expasy.org/tools/pi_tool.html).
(k) Nucleotide sequence accession numbers
The DNA sequences of cfrA, dcrA, cfrB and dcrB have been deposited in GenBank with the following accession numbers: rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120318 JX282329 for cfrA, JX282330 for dcrA, JX282334 for cfrB and JX282335 for dcrB.
Results (a) Metagenome sequencing
Dehalobacter was previously shown to be responsible for the reductive dechlorination of 1,1,1-TCA, 1,1-DCA and CF in ACT-3 [13, 14] . This corresponds well with the dominance of Dehalobacter in the three ACT-3-related cultures as determined by pyrotag sequencing of the 16S rRNA gene (see the electronic supplementary material, figure S1 ). Shotgun and paired-end 454 pyrosequencing of the ACT-3 culture metagenomic DNA produced 13 479 contigs (greater than 500 bp) with N50 of 1708 bp and the largest contig of 169 374 bp. In a separate study [29] , we successfully assembled all Dehalobacter contigs into a closed circular assembly. However, certain locations in this assembly consist of alternative contigs that belong to two highly similar but different Dehalobacter genomes; by comparing this assembly with additional sequencing data from the CF subculture, which happens to have only one Dehalobacter strain, we managed to assemble and separate two complete Dehalobacter genomes. The coexistence of two Dehalobacter strains/genomes in ACT-3 resulted in fragmentation of some Dehalobacter contigs in the initial assembly produced by NEWBLER. The read depth of the contigs that were shared by both strains was approximately 80, and the two strains were found in similar abundance as indicated by read depth analysis. With homology search and manual curation, 19 putative intact rdhA genes and one truncated rdhA homologous gene (786 bp) were retrieved from the ACT-3 metagenome. The genome context investigation of these putative rdhA genes revealed 17 putative rdhB genes. Read depth analysis of these rdhA and rdhB genes (data not shown) showed that they belong to the dominant genus, Dehalobacter, which was further confirmed after the closure of the two Dehalobacter genomes [29] .
(b) Functional differentiation of the three mixed cultures
The ACT-3 parent culture dechlorinates CF, 1,1,1-TCA and 1,1-DCA, whereas the CF subculture dechlorinates only CF and 1,1,1-TCA, and the DCA subculture dechlorinates only 1,1-DCA [14] . These observations were confirmed in dechlorination assays performed using the crude protein extracts from the three cultures (table 1) . The crude protein extract from the CF subculture did not dechlorinate 1,1-DCA, the one from the DCA subculture did not dechlorinate 1,1,1-TCA or CF, and the one from the parent ACT-3 culture dechlorinated all three substrates (table 1) .
(c) RDase expression in the chloroform subculture
The crude protein extract from the CF subculture was shown to have negligible dechlorinating activity on 1,1-DCA (table 1 and the positive control of figure 2a) ; therefore, the gel slices The negative control using the reaction buffer without protein addition. c BD means below detection limit. rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120318 from this sample were assayed only with 1,1,1-TCA and CF. Testing for dechlorination activity in gel slices revealed two regions of enriched dechlorination activity on the gel (figure 2a): one was around band position 3 or 4 (BP-3 or BP-4), slightly below the 242 kDa marker; the other was around BP-7, slightly below the 146 kDa marker. Although the dechlorination profile with CF as substrate appears slightly different from that with 1,1,1-TCA (figure 2a), this difference was probably caused by slight variations in the position of the gel slice in adjacent lanes (one individual lane was used for one specific assay). Nevertheless, we found these two regions of enriched dechlorination activity consistently in over three preliminary trials. In the gel slices of enriched activity, proteins with molecular weight similar to that of an RDase (approx. 45 kDa) were identified by two-dimensional separation using SDS-PAGE (see the electronic supplementary material, figure S4 ). The presence of RDases was further confirmed by LC-MS/MS analysis of the proteins in gel slices from BP-2, BP-3, BP-4, BP-6, BP-7 and BP-8. Matching the MS spectra against the IMGpredicted proteins of the ACT-3 metagenome identified two protein hits related to RdhA proteins (DHTCA2_00197470 and DHTCA2_00327390, table 2). Subsequent analysis showed that they were two fragmented sequences of one RdhA protein, and the fragmentation was caused by strain variations in the initial assembly with NEWBLER. When the MS spectra were matched to the custom RDase database consisting of only curated putative rdhA and rdhB genes curated from the ACT-3 metagenome as described earlier, we found only one RdhA and only one RdhB were expressed in the CF subculture (figure 2b). These two proteins were named CfrA and CfrB, with corresponding genes cfrA and cfrB. The assembly and separation of two Dehalobacter genomes from the ACT-3 metagenome [29] confirmed that the cfrA and cfrB genes were adjacent and located in one gene operon in one genome. Because only CfrA was identified in the CF subculture, we can conclude that CfrA dechlorinates both CF and 1,1,1-TCA, but not 1,1-DCA. The fact that CfrA dechlorinates both CF and 1,1,1-TCA is actually not surprising because these two substrates are similar in structure: 1,1,1-TCA is methyl chloroform.
(d) RDase expression in the dichloroethane subculture
The crude protein extract of the DCA subculture had negligible dechlorinating activity on either 1,1,1-TCA or CF (table 1 and the positive control of figure 3a) ; therefore, the gel slices were assayed only with 1,1-DCA (figure 3a). Dechlorination assays on gel slices revealed the presence of one region of highly enriched activity (centred on BP-6, figure 3a ). LC-MS/MS analysis revealed the presence of only one RdhA protein and one RdhB protein (figure 3b), which were named DcrA and DcrB with the corresponding genes dcrA and dcrB. The dcrA and dcrB genes were adjacent and located in one operon in one genome in the newly assembled genomes [29] . Because DcrA was the only RDase identified, we concluded that DcrA dechlorinates 1,1-DCA, but not 1,1,1-TCA or CF.
(e) RDase expression in the ACT-3 parent culture
The dechlorination profiles (figure 4a) and RDase peptide hit profiles (figure 4b) in gel slices from the ACT-3 parent culture are just like a combination of the results we found for each of the two subcultures. Again, two similar gel regions of enriched dechlorination activity were found, and the number of RDase peptide hits is higher in the second region. With the functions assigned to CfrA and DcrA in the earlier analyses, the coexistence of CfrA and DcrA explains perfectly why the ACT-3 culture dechlorinates all three substrates. Notably, both CfrA and DcrA were found in all gel slices analysed except BP-2 (figure 4b) and both RdhB proteins, CfrB and DcrB, were also found expressed in the ACT-3 culture.
(f ) Distribution of cfrA and dcrA genes
With PCRs using the primers (cfrA-413f, cfrA-531r, dcrA-424f and dcrA-533r) that specifically target cfrA and dcrA genes, we investigated the distribution of these two genes in the three mixed cultures (see the electronic supplementary material, figure S5 ). The distribution of these two genes is identical to that of the encoded RDases as determined by LC-MS/MS analysis. Therefore, we can further confirm the absence of DcrA in the CF subculture and the absence of CfrA in the DCA subculture.
(g) Expression of non-RDase proteins
A large number of other non-RDase proteins were identified from BN-PAGE gel slices using LC-MS/MS analysis (table 2  and electronic supplementary material, table S1 ). As expected, a large proportion of identified proteins belong to Dehalobacter (see the electronic supplementary material, table S1), corresponding to the abundance of this organism in these three cultures (see the electronic supplementary material, figure S1 ). Looking for potential protein -protein interactions with CfrA and DcrA, we focused on the Dehalobacter proteins identified from the two regions of enriched activity on the BN-PAGE gels (table 2) . Besides CfrA or DcrA, there were another two proteins that were repeatedly identified in all three cultures and in relatively high peptide counts: formate dehydrogenase alpha subunit (DHTCA2_ 00269400) in the first region of enriched activity and hup-type Ni,Fe-hydrogenase large subunit (DHTCA2_00306260) in the second region of enriched activity. Other subunits to these proteins, the formate dehydrogenase beta subunit (DHTCA2_ 00269390) and hup-type Ni,Fe-hydrogenase small subunit (DHTCA2_00306250), were also found in corresponding gel slices (see the electronic supplementary material, table S1).
(h) Sequence analysis of cfrA and dcrA DNA sequence analysis identified potential promoter sites and ribosome binding sites upstream of cfrA and dcrA genes. Based on a start codon 1 bp downstream of the nearest ribosome binding site, cfrA and dcrA genes with a full length of 1521 bp were predicted. However, when the corresponding proteins translated from these two DNA sequences were aligned with other characterized RdhA proteins, the twin-arginine motif, RRQFLK, was found located 66 AAs from the N-terminal. By contrast, this motif is located only several residues from the N-terminal in other known RDases. Therefore, we chose an alternative start codon for these two rdhA genes so that the twin-arginine motif is only 16 AAs from the N-terminal. With this adjustment, the gene length shortens to 1371 bp and the protein length to 456 AAs.
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CfrA and DcrA differ from each other in 22 of 456 AAs ( figure 5 ). Despite such high similarity, they were well discriminated by LC-MS/MS analysis (figure 5), highlighting the sensitivity of this technique. A signal peptide (39 AAs long), which contains the twin-arginine motif, was predicted in both RDases. No peptide from the region of the predicted 
Discussion (a) CfrA and DcrA
CfrA and DcrA are the first RDases described to specifically dechlorinate CF and 1,1-DCA. Maillard et al. [36] described the purification and characterization of a PceA RDase, which was reported to dechlorinate 1,1,1-TCA, but at a rate that is 1.4 per cent of the rate for tetrachloroethene (PCE) dechlorination. The novelty of CfrA and DcrA is also evident from their lack of homology to other putative or known RDases in public databases or even to other putative RDases recovered from the same metagenome (figure 6 and electronic supplementary material, figure S6 ). Another distinctive feature of these two RDases is that they are highly similar to each other (95.2% identical in AA sequence, 97.9% identical in DNA sequence), but have exclusively different substrates. Perhaps one of the RDases evolved from the other or they evolved from a common ancestor; either way, the discovery of these two RDases shows how new functions can evolve in RDases. In a separate study [29] , we showed that there were two Dehalobacter strains, and hence genomes, in the ACT-3 culture, and that CfrA belongs to one strain and DcrA belongs to the other strain. The existence of these two strains appears to be an example of recent strain divergence with niche selection.
(b) CfrB and DcrB
Possessing typically three transmembrane a-helixes, RdhB proteins have been predicted as the membrane anchors for the catalytic units (RdhA proteins) [37] . This is the first time that RdhB proteins have been detected by mass spectrometry. There are multiple reasons why RdhB proteins have not been detected in previous proteomic studies [27, 38, 39] . Membrane proteins such as RdhB proteins are poor substrates for trypsin digestion, a common sample preparation step in typical LC-MS/MS analysis. Trypsin cleaves proteins after lysine and arginine residues, which are rare in membrane proteins such as RdhBs. Small peptides (less than 6 AAs) and large Figure 6 . Maximum-likelihood phylogenetic tree of the RDases that have functional characterization. The alignment was generated using the MUSCLE algorithm, and the tree generated using the PhyML plugin in GENEIOUS under the WAG model of evolution. Bootstrap support values (from 100 bootstrap iterations) are indicated where greater than 50 per cent. The scale bar represents the average number of substitutions per site. For a complete tree of curated RDase sequences see the introductory chapter to this issue [35] .
rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120318 hydrophobic peptides resulting from trypsin digestion are difficult to identify by LC-MS/MS owing to different reasons [40] . This explains why only one peptide for CfrB (KDHTGGISQST) and one peptide for DcrB (KDHIGGISQST) were detected in the LC-MS/MS analyses (figure 5). We examined some other putative RdhB sequences from other organisms and found that they would be very difficult to detect by LC-MS/MS analysis using trypsin digestion (see the electronic supplementary material, figure S7 ).
(c) Non-RDase proteins
We repeatedly observed two regions of enriched activity (one below 242 kDa and the other one below 146 kDa) in the BN-PAGE gels in the studies of the three mixed cultures. Interestingly, when we applied the same analysis to a Dehalococcoides-containing mixed culture [26] , we found only one region of enriched activity, which was close to the upper region of enriched activity (242 kDa) described in this study. In the work done by Adrian et al. [27] using clear native PAGE, only one region of dechlorination activity was reported when protein extracts from a Dehalococcoides pure culture were used. Therefore, the observation of two distinct regions of enriched activity might be specific to Dehalobacter cultures.
As described earlier, subunits of two interesting protein complexes were found in the two regions of enriched activity in all three cultures: formate dehydrogenase in the upper region and hup-type hydrogenase in the lower region. The identified formate dehydrogenase alpha subunit (DHTCA2_00269400) is homologous (34.5% AA identity) to a protein (CBDB1A195) in Dehalococcoides mccartyi strain CBDB1, annotated as formate dehydrogenase major unit. This Dehalococcoides protein was found in high expression level in different Dehalococcoidescontaining cultures [27, 38, 39] . Unlike Dehalococcoides, which cannot use formate as an electron donor, one Dehalobacter strain can [17] . The hup-type Ni,Fe-hydrogenase found in the lower region of enriched activity (146 kDa) is potentially involved in hydrogen uptake in Dehalobacter. These two protein complexes could be parts of the electron transfer chain directed to RDases. Based on the patterns we found in the BN-PAGE gels, it is tempting to speculate that they are physically associated with RDases, although we do not have conclusive evidence.
